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Abstract
The Hess Deep Rift in the East Pacific Rise is a mid-ocean ridge spreading center that
produces melts which exhibit geochemical characteristics of evolved MORB. Using basaltic
glass samples collected from multiple dive cruises that explored Hess Deep geology, volatile and
chemical data were collected at USF using FTIR and EMPA, respectively. In addition, a data
suite of samples of glass from Hess Deep were compiled from the EarthChem database. The
intention was to use the data suite and models to compare the Hess Deep regime to analog
models for mid-ocean ridge crystallization regimes and tectonic structures. The USF and
EarthChem samples were then compared to various crystallization models generated in Petrolog3
(Danyushevsky and Plechov, 2011) and COMAGMAT (Ariskin and Barmina, 2004). The
starting compositions using depleted, normal, and enriched MORB (Gale et al, 2013) were
modeled at depths reflecting an upper and lower melt lens along the rift axis. The volatile
components of the USF samples were compared to models for water and carbon dioxide
behavior in basalt made using VolatileCalc (Newman and Lowenstern, 2002). Based on the
comparison of the samples to the forward modeling in Petrolog3, it appears that the geochemical
behavior of major and trace elements most closely resembles that of small amounts of fractional
crystallization and re-assimilation of accessory minerals. The VolatileCalc models suggest that
the USF samples most likely followed a degassing pathway at depths corresponding to the
shallow melt lens. When considering the analog models for ophiolite sequences and melt flow
beneath a fast-spreading ridge, it appears that the melt regime at Hess Deep deviates from both
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standing theories. Instead the most likely mechanisms are shallow crystallization, at depths
equal to or less than an upper melt lens, and shallow dynamic degassing.
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Chapter One:
Introduction
Geologic Setting, Structural Transport, and Melting at Hess Deep
The Hess Deep Rift is a depression located on the Galapagos spreading center that
contains an uplifted portion that exposes the oceanic basalt complex of the lower crust and upper
mantle. This spreading center is part of a large triple-junction in the East-Pacific Rise, where the
Hess Deep Rift Valley protrudes into the Galapagos microplate as an arm of the Cocos-Nazca
spreading center (Fig. 1.1). The upper crustal complex is approximately 1-m.y. old (Lonsdale,
1988). The North Wall, explored during various Alvin dives (Fig. 1.2), features a layered
ophilotie-like structure where an erupted layer of pillow basalts rests on top of a sheeted dike
complex. Both of these units sit on top of a massive bed of gabbro. The study of the complex
allowed Stewart and colleagues (2002) to model upper crustal construction at a fast-spreading
ridge, which allows for complicated patterns of fluid flow upward from the mantle. Due to the
structural heterogeneity seen in fast spreading ridges, the upper crustal structure is not uniform
over the entire region and is often punctuated by melt lenses along-axis (Natland and Dick, 2009;
Boudier and Nicolas, 2011).
Research in the last decade suggests that there may not be only a single axial magma
chamber feeding the Hess Deep Rift. Studies on melt flow reveal that there is a shallow melt
lens, approximately 1.5 km below the seafloor, which is emplaced due to the existence of a
permeability barrier located at the base of the sheeted dike body in the ophiolite complex
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(Natland and Dick, 2001). A second melt lens is positioned near the gabbro-ophiolite
interface, which serves as an area of neutral buoyancy between the melt lens and the transitive
boundary. The gabbro cumulates between the melt lenses filter out phenocrysts from magma
ascending from the lower melt lens (Natland and Dick, 2009). The discovery of these lenses is
quite useful for modeling the ascension of MORB through the crust at the EPR and potentially
the crystallization regime that produces the glasses recovered at Hess Deep.
Ophiolites have been extensively studied by examining type localities, such as the Oman
Ophiolite, and are presumed to be obducted oceanic crust and therefore analogues of MOR crust.
It was once thought that all ophiolites were prime examples of the crustal structure of the ocean
floor. However, more recent studies have shown that ophiolites are more likely unlike MOR
because of structural heterogeneities caused by both physical and geochemical mechanisms
during formation (Dilek and Furnes, 2014). The stratigraphy of ophiolites where massive
gabbros are overlain by sheeted dike complex, which in turn is overlain by pillow basalts, is very
much like the sequence of rocks described at the Hess deep and therefore becomes a good
comparison for the purposes of this study. Their exposed structures feature a thick, gradual
transition at the Moho, as well as a thicker crustal section overall, due to the large amount of
upwelling melt as seen in Fig. 2, A. Part of the ophiolite structure seen at Hess Deep is observed
via the uplifted intra-rift ridge, in which layers of the sequence are observed to not be uniform in
thickness due to deformation. Sheeted dikes, part of the region’s ophiolite-like complex, are
fractured and serve as pathways for fluid flow and discharge (Gillis et al., 2001).
A striking structural component of the dike and gabbro transition at Hess Deep is the
presence of a textural flux at the boundary between the layers, where basaltic magma either fills
a dike complex or starts to crystallize in-situ. The change is relatively blunt, with grain sizes
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shifting from fine-grained dike rock downward to coarser gabbros in the uppermost part of the
gabbro complex. Natland and Dick (2009) suggested that this structural heterogeneity was
caused by inflow of cold seawater that was able to cool the dike rock rather quickly, not allowing
large crystals to form. The ability for cold seawater to permeate the porous rocks of the Hess
Deep complex is an important structural component in suppressing temperatures during
petrogenesis, as well as providing means for hydrothermal alteration (Bδhlke et al., 1984;
Staudigel et al., 1995; Lecuyer and Gruau, 1996; Lecuyer and Reynard, 1996; Mével and
Stamoudi, 1996; Gillis et al., 2001).
In order to understand the chemical behavior and evolution of MORB at depth, the
structural environment below the axis must be taken into consideration. The lower crust in midocean ridge environments is rarely exposed, except in special instances where the rifting and
uplifting of MOR stratigraphy that dominate the upper lithosphere reveals structural components.
Cumulates, which originate from the shallow mantle, are nested within ophiolite suites and are
thought to be re-assimilated in varying amounts with normal MORB. As explored by Coogan
and others (2002), this occurs mostly in the axial magma chamber (AMC) which is an
environment conducive for magma fractionation. Crystals that fractionate from AMC magmas
settle downward with gravity, eventually becoming a constituent of the lower crust. However,
Coogan’s observations indicate that gabbroic cumulates below the AMC provide evidence of
deeper crystallization processes, leading the study to conclude that lower crustal crystallization is
an aggregate of processes from both areas along axis.
The research of Natland and Dick (1996, 2009) provides a comprehensive model of
magma transport involving two melt lenses at Hess Deep (Fig. 2, B). The model deviates from
previous melt flow theories that emphasized the “gabbro glacier” flow schematic. The 2009 melt
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flow model demonstrates sill-to-melt lens upward migration of magma, while remaining
consistent with regions of seismic layering observed beneath the EPR. Melt flow channeling
through the ocean crust has both vertical and horizontal components. Vertical movement is
directly dependent on magma buoyancy and sidewall interaction, whereas lateral flow is
representative of upper crustal porosity and the ease of transport due to structural shearing and
fracturing as the crust cools. This mechanism is modeled similarly after that which is proposed
for the Oman Ophiolite (Boudier and Nicolas, 2011) and the physical properties of the axial
magma chamber beneath the Juan de Fuca Ridge (Canales et al., 2006)
Bathymetry data is indicative of mass structural failure present within the Hess Deep rift,
as explored by Ferrini and others (2013) using the collective data from the 2008 JC21 Cruise.
The area is classified as a lobate structure and is approximately 4km-6km wide. The failure is
implied to have been the product of diking and seismic events along the ridge. New topographic
structures that are generated by mass failure events are considered to be important in magma
transport due to the fact that they can alter paths of lava flows. Interestingly, the original
stratigraphy of the Hess Deep complex is preserved even after slumping, due to the coherentblock construction of the rock present amid the structural failure. These structural observations
were supported by the previous findings of Lonsdale (1988) and Francheteau et al. (1990).
The evidence for structural failure is also evident in cores collected by several
expeditions to the Hess Deep Rift. Several mineralogical properties of the drilling lithologies
imply extensive strain, as well as fluid movement after brittle failure and deformation (Gillis et
al., 2013). Abnormal textures of olivine crystals, thinly rimmed by clinopyroxene, and the
abundance of multi-directional hydrothermal vein alteration structures suggest fluid movement
as the result of hydraulic fracturing. Cracking of oceanic crust and the resultant movement of
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fluid played a vital role in the mineral chemistry seen in Hess Deep samples, supported by the
presence of serpentine, chlorite, amphibole, and other hydrothermally significant minerals in
alteration veins. When comparing veins from multiple drill sites examined in previous Hess
Deep expeditions, they are found to be similar in mineral chemistry but not in orientation when
compared to the extensive fracturing seen in cores from other sites (Mevel et al., 1996, Gillis et
al., 2001). This suggests that fracturing does not ultimately provide the same level of mechanical
control on vein alteration everywhere in the crust at Hess Deep.
This study specifically tests the most recent structural models for a dual melt-lens theory
of Natland and Dick (2001, 2009) by modeling the geochemistry of pillow basalts collected from
the Alvin dives. We use new volatile data and preexisting data on major and trace elements to
determine if magmas are fractionating at specific pressures that would coincide with an upper
and lower melt lens.

Past Exploration of Hess Deep
Initial East Pacific Rise exploration in reference to Hess Deep was conducted at the
Pacific-Nazca-Galapagos Triple Junction, located at approximately 1 ̊ 10’ N, where the structural
morphology of the junction was confirmed by a U.S. Naval oceanographic survey in 1976.
Although the initial mission was to collect information pertaining to heat flow and spreading
rates in the area, a previously undiscovered structural anomaly was discovered near the triple
junction known as the Hess Basin that contained the Hess Deep rift and its uplifted ridge
features. The Hess Deep Rift was observed first as a magnetic anomaly during the survey,
interpreted to be a westward-propagating rift valley located at 2 ̊ 12’ N, 101 ̊ 35’ W. The steep
rift basin was more than 5000m deep and was located on the western boundary of the Galapagos
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Rise, which featured anomalously rough EPR topography. The beginning of the axial rift valley
featuring Hess Deep was found to be approximately 20 miles east of the triple junction.
Magnetic mapping presented Hess Deep as a negative, sharply contoured anomaly along the
Galapagos Rise basement (Johnson et al., 1976).
The Hess Deep Rift Valley area, as part of the Cocos-Nazca spreading center, features rift
escarpments that procure the boundary of the Galapagos microplate. SEA BEAM bathymetry
and magnetic data from the GLORIA survey discussed in studies by Searle and Francheteau
(1986) and Lonsdale (1988) revealed the structural complexity of the area. The initial data
collection for these studies was done in 1980, with the side-scan sonar instrument GLORIA
carried by RSS Discovery cruise 110 and the SEABEAM echo-sounder mounted on a cruise
involving the N/O Jean Charcot “Searise” (Searle and Francheteau, 1986). The profile outlines
the position of the rift in much more detail than was revealed by the initial observations by the U.
S. Navy. The focus of Hess Deep is the Cocos-Nazca Rift Zone Ridge, which is bordered by a
marginal horst on one side and an intra-rift ridge accompanied by a rift shoulder on the other.
The outlying borders of the rift are a flexural depression on the Cocos Plate to the south and the
entirety of the Galapagos Microplate to the north. The rift valley is the deepest part of the Hess
Basin with the Cocos-Nazca Rift Zone Ridge serving as the basin floor and features an uplifted
section of oceanic crust that reveals a gabbroic complex (Lonsdale 1988).
Although research on the structure of the EPR did not procure much focus on the Hess
Basin in particular, the first studies to explore the Hess Deep region in regional depth were the
French submersible Nautile and Alvin submersible dives, as well as those resulting from data
collected through ODP Leg 147. The dives revealed detailed insight into the sequenced structure
of the upper oceanic crust, as well as the structural deformation resulting from crustal contraction
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and seismic activity due to MOR volcanism at a fast-spreading ridge. Samples collected from
the Hess Deep area were used to infer methods of chemical petrogenesis, as well as the process
of fluid flow and magma transport from the upper mantle to the upper oceanic crust.
Nautile and Alvin Submersible Dives
The submersible Nautile, operated under a survey conducted by Francheteau and
colleagues (1990), collected data along dive-tracks that traversed the central depths of the Hess
Deep basin and collected samples from the northern wall (Fig. 1.2). The dive participants in the
1988 Nazcopac cruise were able to map structural heterogeneities in the exposed crustal
sequence, including the extent of lava flows, dikes, and sediment beds at the bottom of the basin.
Various cameras mounted on the submersible captured rubble deposits and talus in the intra-rift
ridge area that were considered to be evidence of mass wasting, particularly on the southern
flank. Hydrothermal oxide deposits were present near the peak of the ridge at approximately
3500 m depth and higher. Mineralogical characterization in sequence for the Hess Deep Rift was
constructed via depth-structured photography and sampling, using the Oman ophiolite complex
as a proxy. The topmost lava flows and pillow basalts constitute the upper 200-300 m of the
synthetic log. Below this, there is a dike/dolerite complex that is up to 1200 m thick. A
troctolite sequence lies between the dike complex and the Moho, where dunites and wherlites are
included in the log but are noted to physically exist on site as discontinuous outcrops. The final
part of the proposed sequence consists of harzburgite, which resides in a region of plastic
deformation. The structure of these sequences can be likened to the Oman Ophiolite sequence.
The most striking outcome of the Nautile dives is the production of two structural
interpretations of the uppermost mantle exposed at Hess Deep, which was later used as a proxy
relating to other Hess Deep structural studies. The study proposed two cross-sections that vary in
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their proposed mechanisms for intra-rift ridge tectonics that produced the exposures seen in the
study area. The first uses isostatic re-equilibration due to serpentine diapirism as the main
structural forcing, whereas the second uses low-angle detachment and extension to explain the
surface geology and serpentinization is not as prevalent. Evidence for these mechanisms was
noted as the presence of serpentine along the intra-rift ridge among prevalent faulting, analysis of
bathymetric data, and calculated rates of rifting limited by valley rift and EPR average spreading
rates (Francheteau et al., 1990).
Numerous Alvin submersible dives were conducted in order to traverse sections of
interest of the Hess Deep Rift walls (Fig. 1.2). Using sonar, the submersible was used to map the
Hess Deep depression and the surrounding area. The observational data collected by the
submersible’s specially designed seafloor compass yielded strike and dip measurements for
exposed dikes. These measurements provided the impetus to examine structural mechanisms for
dike rotation. Karson, Hurst, and Lonsdale (1992) used the geologic observations from Alvin to
construct several models to explain possible mechanisms for dike rotation, including a blockrifting model and perturbation of dikes in a ridge-axis faulting scenario. Their ridge-axis models
provide numerous explanations for anomalous dike orientations and intrusive geometries noted
along Hess Deep exposures. The model suggests that trajectory of dikes will change over time
as crust migrates outward from the ridge axis. Older dikes will dip due to subsidence and will be
cross-cut by younger dikes that intrude further off-axis. In addition, listric normal faulting can
make dikes dip in the direction of the central axis, while a normal fault would feature the same
mechanism sloping in the opposite direction. Analysis of these faulting mechanism suggests that
this can create prominent heterogeneity in dike angle dipping in a relatively confined area of
faulting.
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Ocean Drilling Project Leg 147
The ODP Leg 147 shipboard party drilled several holes at Hess Deep, recovering cores of
shallow mantle sequences uniquely formed from complicated magmatic processes at a fastspreading ridge assessed by Gillis et al. (1993). Two drill sites produced several core samples,
Site 894 and 894, located along the summit of the intra-rift ridge and the southern slope along the
crest of the intra-rift ridge respectively (Fig. 1.2). The cores provided invaluable information
concerning the rifting mechanics of Hess Deep, as well as exposed stratigraphy of upper crustal
lithology. Most pronounced in the cores was the presence of faulting and structural movement
presumed by the shipboard party to have occurred after the emplacement of the ophiolite-like
complex. Evidence of tectonic rotation after a proposed major serpentinization event is present
in the scattered magnetic inclination measurements throughout Hole 895D. This was also
evidenced by examining the preferential magnetite orientations in magnetites from the core
sample.
Extensive analysis of ODP Leg 147 data was provided by the proceedings of the
shipboard scientific party. Using coring and photographic data collected from the drilling project
in combination with previously collected bathymetric and structural data, the scientific
proceedings of the cruise included pertinent analysis of petrologic, structural, and melt/fluid flow
parameters of Hess Deep. Thirteen cores of varying stratigraphy were recovered from Site 894
and 895, which contained gabbroic rocks, dikes, hazburgite, troctolite, and dunite. The structural
arrangement of the layers at each drill site was interpreted with the intent of understanding the
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spatial variation at depth present in a fast-spreading ridge system. The absence of lateral
continuity at Hess Deep, a subject of question in former petrologic studies, was considered as
evidence for different mechanisms of ridge spreading including detachment faulting and uplift
due to diapir formation (1993).
Using both magnetic data and lithologies form Site 894 and 895, a composite crosssection that features a two stage movement mechanism for faulting was determined to be the
most likely mechanism for the rift structure (MacLeod et al., 1996). An early block rotation due
to footwall uplift and extensional faulting can be assumed due to paleomagnetic mineral data
from the cores. This event was followed by the movement of the rift to the north, which created
low-angle detachment faulting during spreading. The study does not stress the importance of
serpentine diapir formation as a structural mechanism, arguing that magnetic data places the time
of rotation at a date later than the onset of diapirism in the area. The study acknowledges
previously made models of the ocean crust at Hess Deep, but improves the current models to
accommodate Leg 147 magnetic data (1996).
IODP Expedition 345
The most recent exploration of Hess Deep was conducted by the participants of the
IODP Expedition 345 in an attempt to further explore geologic processes active at a fastspreading ridge (Expedition 345 Scientists, 2014). The study focused on drill site U1415 (Fig.
1.2) while emphasizing various models for crustal accretion and hydrothermal alteration to
explain the nature of the gabbroic complex recovered from core samples. Most importantly, the
discovery of primitive gabbros drilled at Site U1415 addressed answers to complex questions
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concerning the primary composition of melt sources for basalt dikes at Hess Deep and the
structural implications of strain and plate movement for magma transport.
The presence of large amounts of orthopyroxene in the core samples with crystals
exhibiting foliations and structures suggesting strain are indicative of both simple crystallization
and complex deformational processes. The gabbros layer modally in the core as well, supporting
the notion that the lower oceanic crust at Hess Deep is likely to be a stratigraphically layered
complex that employs mechanics such as density filtering, much like the renowned Oman
Ophiolite. Alteration veins at the same site indicate that the gabbro was subjected to fluid
alteration conditions. Furthermore, the vein orientation displays no favored direction which
suggests fluid was injected through structural fracturing under tectonic stress. Chlorite,
serpentine, amphibole, and various hydrothermally significant minerals occupy the fractures.

Previous Geochemical Studies
Fluid/Melt Flow Patterns beneath the East Pacific Rise
There are several physical processes that affect the eventual chemical composition of an
eruptible magma and often it is thought that several processes over time will modify a primary
magma into many residual melts. Klein and Langmuir (1987) as well as Saunders et al (1988)
first proposed a classic mixing and fractionation model to explain the generation of MORB and
the pattern of melt flow at a mid-ocean ridge spreading center. After primordial mantle diapirs
undergo adiabatic migration toward the Moho, major and trace element models were reviewed to
suggest fractionation of shallow mantle material by up to 25%, a residual melt fraction which
separates from the upper mantle peridotite due to low viscosity. The buoyant melt rises through
the lower ocean crust, continuing to fractionate and evolve in processes both adiabatic and
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isobaric. This process takes place at very shallow axial depths at the East Pacific Rise, as well as
at a much more accelerated rate at a fast-spreading ridge like Hess Deep due to a larger flux of
mantle-derived material, which directly affects the eruptibility of melts produced (Langmuir et
al., 1992).
At the base of the lithosphere along axis, the physical fractionation model involves several
possible processes beginning with mantle melt migration and evolution through a reactive porous
flow mechanism. Lissenberg et al. (2013) defined this as a disequilibrium processes that does not
coincide with simpler mechanisms of crystallization and corresponds to the migration of interstitial
melt material through a gabbro matrix, where the flow is considered reactive with the surrounding
matrix. Primarily, the crystal mush produced from the axial melt lens serves as a medium through
which interstitial melt begins to migrate by reactive porous flow. This crystal mush is constituted
of a framework of plagioclase±olivine±clinopyroxene that is depleted in trace elements and can
be found in-situ approximately 3.6km underneath the level of the gabbroic layer-to-dike transient
boundary. After the initiation of reactive porous flow through the crystal mush, the melt ascends
and becomes increasingly fractionated, producing reaction rims and zoning in plagioclase and
clinopyroxene. These mineralogical features can be found at about 3.1km below the gabbro-dike
transition, only about 500m above the crystal matrix produced by the framework of the crystal
mush. At approximately 1.8km depth, which coincides with the approximate depth of an upper
melt lens at Hess Deep (Natland and Dick, 2009), the melt becomes extremely fractionated relative
to MORB as it migrates further upward. The melt contains highly incompatible trace elements,
which is evidenced by reaction rims on clinopyroxene that contain high trace element abundances
that are found proximally at the 1.8km depth level and above. Eventually, the remnants of the
melt ascend to the level of the melt lens and produce clinopyroxene crystals that show the highest
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level of trace element enrichment. The entire process is estimated to occur along a temperature
gradient that is 1200 ̊ C at the deepest levels to 800 ̊ C at the shallowest level of flow, as
demonstrated by Natland and Dick (2009).
Further, fluids exsolving from magmas, as well as seawater intrusion in the crust along
axis, will also affect the eruptibility of both primary and more evolved magmas as well as their
mineralogy. High temperature fluid-flux discharge zones and clinopyroxene secondary phase
replacement were used as indicators of fluid alteration and flow at the base of the sheeted dike
complex at Hess Deep (Gillis et al., 2001). Samples, thickness measurements, and general
observations from 14 dive tracks traversed by two Alvin submersible runs (1990, 1999) were
examined in an attempt to interpret patterns of fluid flow at Hess Deep, where two distinct areas
with variances in age, structure, and interpretations of fluid flow mechanisms were discovered.
Density varies between compositions of dikes and lavas and greatly affects their eruptive
probability as well. Lavas, which are classified by Stewart and others (2003) as preferentially
belonging to a low-Fe group, characteristically display iron concentrations that are decreasing
and aluminum oxide concentrations that are increasing due to the accumulation of plagioclase.
This greatly decreases the density of the magmas in this group, thus making the lavas more
eruptible on the seafloor as the product of a lighter and more buoyant magma. In contrast, the
crystalline and unerupted dikes are areas that do not experience the effects of fractional
crystallization of plagioclase. These magmas remain too dense to erupt are classified as a main
composition group that is preferentially enriched in iron.
Melt flow through the gabbroic layer is often driven by a process involving periodic
inflation-eruption injection events into the melt lens (Natland and Dick, 1996). These cyclical
injections allow for magma mixing with fractionated molten material already residing in the melt
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lens. These fractionated melts can contain very high amounts of silica and constitute only a
small portion of unaltered rock that is found in-situ at Hess Deep, meaning the fractionated melt
is readily mixed and does not reside as a solitary component in the melt lens. Overall, the study
describes the complicated proposed crystallization process at Hess Deep as dynamic
crystallization, which includes the cycles of crystallization, porosity reduction, and crystal
transformation during reaction with interstitial melt.
Fluid and melt interaction within the gabbroic layer was further explored by Kelley and
Malpas (1996) as part of the results of ODP Leg 147. Their study examined evidence of
seawater derived fluids and their alteration on Hess Deep gabbros, as well as melt penetration
evidenced by injection fabrics. The tholeiitic gabbros yield evidence of high-temperature
hydrothermal alteration. Indications that the magmas crystallized in a wet and high-ƒO₂
environment include minerals such as amphibole, zircon, and various oxide minerals. The
amphiboles in particular were observed to reside in veins that serve as conduits for fluid
transport, as well as microfractures. Fluid penetration and enrichment was estimated to have
occurred from 400 ̊ C – 500 ̊C and at pressures no greater in magnitude than 50 MPa.
Kelley and Malpas (1996) also examined the possible magmatic origin of fluid inclusions
found in gabbros from the site. The study proposed that evolved magmas that became supersaturated in liquid water, carbon dioxide and water vapor, and also saltwater brine containing the
formerly mentioned vapor along with NaCl and Fe, were the parental material for the inclusions.
All of these incompatible fluids and vapors exsolved from the melt and behaved as immiscible
material within the magma. The temperature at which this is thought to have taken place is
anywhere from 700 ̊ C – 800 ̊ C, assuming a composition close to MORB.

14

Previous Considerations of the Composition of Hess Deep Parental Melts
MORB petrogenesis is often a complicated issue in models dealing with the primary
primitive composition of parent magma. At both transform and spreading centers alike, magma
generation is often thought to be a myriad of fractionation, melt re-equilibration, and mixing.
Early models exploring phase equilibria in MORB that promised to yield a parent composition
determined that even very primitive basalts cannot be treated as a predictable parent material for
other more evolved MORB. Rather, high-pressure fractionation of small volumes of mantle
material is generally reliable in successful modeling (Stolper, 1980). Magmatic water and
hydrothermal mixing involving seawater is also implicated in magma evolution, as it directly
affects the physical behavior of mineral-forming elements in a magma (Burnham, 1975; Stolper,
1982). Starting compositions for several types of MORB (normal, transitional, and enriched)
have been proposed that can be used to model possible mixing and fractionation parameters to
generate chemically distinct magma comparable to samples taken directly from MOR
environments (Gale et al. 2013).
Plank and Langmuir (1992) suggested that parental melts of the oceanic crust are a
mixture of partially equilibrated melts that aggregate along the melting regime. Their model of
the residual mantle column (RMC) uses different extents of melting and bulk partition
coefficients to explore the possible melting regimes beneath a MOR. Their models are defined
as incremental or contoured corner flow that define mixing of parental liquid to generate
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MORBs. For low fractions of melt extraction in the models, there are optimum conditions that
must be met which include assuming passive upwelling and melting by adiabatic movement of
melt, fractional crystallization while following a linear melting function, and perfect melt
focusing in a two-dimensional ridge. A melting regime involving volatile components is also
discussed, where incompatible elements are focused in extremely small melt fractions along with
finite amounts of water and carbon dioxide.
In lieu of the large accumulation of data from Hess Deep cores taken on ODP Leg 147,
many theories as to the parental liquid composition and the intermediate composition of magmas
evolved from parent melts have arisen. Natland and Dick (1996) compiled geochemical data
from gabbroic cumulates in order to analyze melt migration and estimate the compositions of
parental liquids. The main indicators in the study that ultimately give rise to the proposed
primitive melts include Mg# (Where Mg# = Molar Mg/(Molar [Mg+Fe])*100), TiO₂
concentration, and trace element compositions of various minerals. The evolved compositions of
plagioclase from gabbroic whole rock sampled from Hole 894g seen in represent a suite of
chemical data featuring levels of incompatible elements that suggest the parental magma
underwent multiple stages of fractionation. When estimating liquid compositions, the Mg#s
were calculated for liquids that would have produced the clinopyroxene and olivine
compositions. Natland and Dick found that the magma with the lowest estimated Mg#, which
may have been Hess Deep parental magma, was consistent with an extremely fractionated
variety of ferrobasalt (1996). This is indicative of the type of parental melt that is most likely to
be the origin of the Hess Deep glass suite, which can be explored through modeling techniques.
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Chapter Two:
Methods
Process for FTIR Analysis of Volatiles
Eight basaltic glasses obtained from the Hess Deep Rift during Alvin submersible dives
(Fig. 1.2) available at the University of South Florida served as the sample suite for analysis of
water and carbon dioxide. In order to analyze volatile content in glasses from the East Pacific
Rise, glass pieces ranging in size from 3mm-6mm were attached to glass slides using a
temporary epoxy. The glasses were polished on both sides to an average thickness between 50
and 150 micrometers. Once polished, the glasses were soaked in acetone to remove any excess
epoxy residue. Individual glasses were photographed under a 15x objective microscope and
individual thickness measurements were recorded for various points on the glass chip using a
digital micrometer.
The glasses were analyzed using a micro-FTIR spectrometer Brüker IFS 66 FTIR with an
infrared microscope attachment for sample movement and viewing at the University of South
Florida, Tampa. An HgCdTe (HCT) detector was used in addition to a K-Br beamsplitter and a
Globar light source. The aperture used to collect absorbance spectra was 0.90mm in diameter (60
micrometer sampling spot). Spectra were collected at a resolution of 4 cm¯¹ over 1024 scans.
Further details on micro-FTIR analytical methods, equipment, and other computational variables
are available from similar studies developed by Dixon (1997), Dixon et al. (1988, 1991, 1995,
1997, and 2001), Nichols and Wysoczanski (2007), and Wysoczanski and Tani, (2006). The
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measurement of absorbance peaks were taken for total water (H₂Oᴛ) at 3550 cm¯¹ and carbon
dioxide (CO₂) at 1515 cm¯¹ and 1430 cm¯¹, respectively. Analysis of the spectra, including
baseline corrections and curve-fit method applications, were done using the interactive spectral
modeling program OPUS working in conjunction with the micro-FTIR. Modified Beer-Lambert
Law equations were used to determine weight percent total water and carbon dioxide in parts per
million, where D is the glass thickness variable and ABS 3550, 1515, 1430 are for the
extrapolated absorbance peak values (Ihinger et al., 1994). The constants function as molar
absorption coefficients for water and carbon dioxide, such as those in Dixon et al. (1988, 2001)
and Stolper (1982):
(1) H2Oᴛ (wt.%) = (ABS 3550/D) x 102.126
(2) CO2 (ppm) = (ABS 1515,1430/D) x (4.191 x 10⁵)

Parameters for Modeling MORBs in Petrolog V 3.1.1.3
Selected datasets for MORBs (Gale et al., 2013) were modeled with varying parameters
for fractional crystallization regimes using the program Petrolog, Version 3.1.1.3. Each MORB
was given an initial pressure for the liquidus at the start of the run in order to model both deep
and relatively shallow depths of origin (Table 1). First, three deep-level runs were completed
under conditions using a dP/dT gradient that models rising magma that would not fractionate insitu, with one each for N-MORB, E-MORB, and D-MORB compositions. The first pressure was
3.5 kbar, consistent with assuming an approximate depth of around 8-10 km for the lower melt
lens at Hess Deep. A second starting pressure of 1 kbar was used to model a shallower depth of
initial fractionation, corresponding to approximately 1.5 km where the upper melt lens is
emplaced.
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These depths were chosen in order to include the hypothetical structural components of
Hess Deep magma flow, corresponding to the approximate depths of the two melt lenses that are
suspected to be emplaced beneath the rift valley. The temperature gradient used in the deeplevel fractionation model runs was 25 bar/ 1℃ at the mid-ocean ridge axis, using a lithostatic
pressure gradient of 300 bar per 1 km depth for East Pacific Rise ocean crust with a density of
3.00 g/cm³ (Best, 2003). The deep runs were completed to 60% fractionation. Intermediate
steps for output were standardized at calculation steps of 0.001%. The runs described above
could not be completed under isobaric pressure conditions for crystallization because the
Petrolog3 software has difficulties calculating equilibrium along a gradient for some
compositions at starting pressures of <1kbar or lower (Danyushevsky and Plechov, 2011). For
the isobaric models, the modeling software COMAGMAT was used instead, which is discussed
later.
Various available modeling techniques were chosen for each individual mineral-melt
parameter, with the only distinction being that the available model in Petrolog3 was either a
model that incorporated the most trace elements in the mineral assemblage or was the most
recently developed by date. Olivine, plagioclase, and clinopyroxene were modeled in the
parameter selection window using the properties available from Danushevsky (2001).
Orthopyroxene and pigeonite utilized the models from Bolikhovskaya and colleagues, (1995) &
(1996), respectively. Spinel was crystallized using the model of Arskin and Nicolaev (1996),
while ilmentite and magnetite were managed with the model of Arskin & Barmina (1999). Initial
oxidation states of the MORB compositions were determined using the QFM buffer pre-loaded
with the Petrolog3 software (Borisov & Shapkin, 1990). Of the available models for physical
properties for modeling outputs, the methods of Carmichael (1987) and Weill (1972) were used
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for density and viscosity, respectively. However, the constant pressure models were run with a
Pl-Ol cotectic model in order to avoid computational errors, which is available for selection in
the Petrolog3 mineral-melt window upon entering the initial model parameters.

Selection of MORB Compositional Data and Partition Coefficients
Compositional data for N-MORB, D-MORB, and E-MORB was taken from the mean
calculated compositions of Gale et al. (2013), where a global dataset of MORBs was compiled
and a statistical technique that considered ridge-segment length, as well as spreading rate, was
applied. MORB compositions were chosen particularly for the completeness of the sets of trace
element values for each type of MORB, given that trace element partitioning in fractional
crystallization processes can be critical to establishing a melting regime for a rock suite. The
inclusion of trace elements in thermodynamic modeling programs for MORB regimes is
important for understanding the re-assimilation of minerals in Hess Deep parental melts.
Values for the partition coefficients of the various relevant minerals produced in the
crystallization runs in Petrolog3 were compiled from the data available in Rollinson (1993) for
partition coefficients concerning basaltic and andesitic melts. Any partition coefficients that
were not included in the Petrolog3 models were either not available to be included from the
selection of available parameters to be modeled in the software or the trace element had a
coefficient so low that its partitioning into a mineral phase would have been negligible. An
additional condition for the emission of a coefficient in the model was if the trace element
composition was not listed as a component in the MORB compositions provided in Gale et al.
(2013), rendering them irrelevant in the models. Additionally, each MORB was assigned a
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molecular water content appropriate to its enrichment: the E-MORB models starting with 0.3
wt.%, N-MORB models with 0.1 wt.%, and D-MORB models with 0.01%.

EarthCHEM Data Selection and USF Suite Glass Data Acquisition
In addition to the data collected from the analysis of eight Hess Deep glass samples at
USF, a sample suite of all available Hess Deep data from previous expedition collections was
utilized from the PetDB collection, available through the EarthChem data portal. Using the
EarthChem online database, a query of data was selected for comparison with the MORB models
generated in Petrolog. The constraint on the data selection was that the search produced samples
only from the ocean feature name of “Hess Deep”. The variety of sample type i.e. “material”
selected in the query was for basaltic glass, which yielded both major (Table 2) and trace
element (Table 3) compositions, as well as compositions for individual plagioclase crystals
(Table 4) from basalts collected on ODP Leg 147. Although not all desired parameters were
available for each sample, such as a full set of trace elements or oxides, the full set were utilized
in part for various analyses. The origin of the glasses from the query was from along the intrarift ridge at Hess Deep, collected on one of the aforementioned dive-cruises. In addition, major
and trace element analysis obtained using EMPS were provided for the eight Hess Deep glasses
that were analyzed for volatile content at USF through personal correspondence (Table 5).

VolatileCalc Modeling for the USF Hess Deep Glass Set
Saturation pressures were calculated for each glass sample in the USF set using their
respective H₂O and CO₂ content over a range of liquidus temperatures from 1250-1100 ℃
(Table 6). Two models were available in VolatileCalc (Newman & Lowenstern, 2002) for this
process, the first of which was the “Basalt” model which assumes a default SiO₂ content of 49
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wt%. The SiO₂ content can be entered manually for this particular model, as long as it is below
49 wt%. Since the USF glasses have water content slightly above the maximum default value,
from 50-53 wt%, the original maximum value was kept for those model runs. The second
model, the “Rhyolite” model, is designated for runs with >50 wt% SiO₂. This model does not
prompt the user to specify silica content for these runs, which creates discrepancies in saturation
pressures between models. These inconsistencies are addressed further in the results for the
VolatileCalc models.
As with the saturation pressure models, the same two-model method applied to
constructing models for isobar solubility trends for the Petrolog3 MORBs undergoing isobaric
processes along-axis (Table 7). The two models, “Basalt” and “Rhyolite” were run for two
different isobaric conditions, the first at 3.5 kbar to simulate isobaric melt processes at the depth
of the lower melt lens. The upper melt lens processes were modeled using the corresponding 1
kbar parameter for the isobar. Temperatures for the lower lens isobars were meant to mimic the
MORB melt range seen in the Petrolog3 models from 1250-1100 ℃, as did those for the upper
melt lens from 1100-1050 ℃.

Isobaric Equilibrium Crystallization MORB models in COMAGMAT
Equilibrium crystallization runs for all three MORBs were done in COMAGMAT (Ariskin
and Barmina, 2004) to model the upper and lower melt lenses, with variables similar to those
done in Petrolog3 for isobaric fractionation (Table 1). One run for each of the three MORB
compositions was done at constant pressures of 3.5 kbar and 1 kbar. In terms of trace elements,
COMAGMAT offers manual input for trace element content for some of the same ones as
Petrolog3 except a few. However, there is no input in COMAGMAT to specify partition
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coefficients as they are pre-programmed into the software. Any available parameter was taken
from the values for the Gale et al. (2013) MORB dataset. Each MORB was fractionated in
increments of 2% and conditions to stop the run were specified to reach 75% crystallization.
Water was also available as a model parameter, so the same values in wt% used for the Petrolog3
models were used again for the COMAGMAT program.
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Chapter Three:
Results
FTIR Analysis of Volatiles in Glasses
Table 8 shows the result of the analysis of volatiles in seven Hess Deep basaltic glasses
available at USF. Data for an eighth glass sample was omitted (sample HD 7-3) due to
complications during testing, specifically the lack of availability for the particular sample and
breakage during the polishing process. The molecular water content for the glass set ranged
from < 0.2 wt% to 0.83 wt%, while carbon dioxide ranged from approximately 86-351ppm. A
plot of the volatile content for the set is shown as a spread in Fig. 3 A. Molecular water content
is compared to Cl content in Fig. 3 B, with the data for chlorine being collected previously with
EPMA.

Petrolog3 Modeling Results for the Lower Melt Lens MORBs
Liquid lines of descent (LLD’s) were constructed for major element oxides and molecular
water content for all six models run using parameters for a scenario where MORBs are rising
from the along-axis lower melt lens (Fig. 4). With a starting pressure of 3.5 kb, the extent of the
LLDs for the polybaric models was programmed to stop at 75% fractionation which
corresponded to a rise from the gabbro-peridotite transition to the gabbro-dike transition
vertically along axis. This coincided with a termination pressure of about 1-0.8 kbar, which is
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the relative pressure at the base of the upper melt lens at 1.5 km depth along-axis following the
given gradient (Best, 2003). For the isobaric models, the pressure remained at 3.5 kbar and was
allowed to fractionate to 75% completion as well. All models featured starting temperatures at a
liquidus of 1200 ℃ and the residual, fractionated liquids at the end of the run held temperatures
around 1100 ℃.
Both the polybaric and isobaric models for N-MORB and D-MORB follow virtually the
same LLD without significant deviation for the majority of the comparative charts for major
element oxides. However, they do tend to take on unique characteristics when LLDs are
observed with molecular water content compared to MgO and K₂O. The polybaric and isobaric
models for E-MORB, in contrast, seem to show a larger variability relative to each other and
both other types of MORBs. This is in part due to the comparatively large molecular water
content, which is also readily obvious in the depression of the E-MORB model’s liquidus at the
termination of the polybaric model at 1093 ℃. This model also terminates at 75% fractionation
at a pressure that is about 100 bar lower than that of the polybaric D-MORB model.

Petrolog3 Modeling Results for the Upper Melt Lens MORBs
For the upper melt lens, LLDs were constructed for isobaric models corresponding to all
three types of MORBs as they would be theoretically pooling and crystallizing at the base of the
lens at 1.5 km depth (Fig. 5). The relationship between the MORB models for this melt lens are
similar to those seen in the Harker diagrams for the lower lens models. The difference in the
LLDs for D-MORB and N-MORB are minimal, except for those involving molecular water
content. E-MORB again shows the most variation. Overall, the curvature patterns of the LLDs
are similar, seemingly translated relative to one another. Like the models for the lower lens,
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there are sudden breaks in direction for the upper lens LLDs that suggests changes in the
chemistry of the melt due to element mobility during fractionation.
Only one polybaric model at this level was partially viable, due to problems with a dP/dT
gradient in the software at starting pressures < 1kbar that happen to correspond to this melt lens
depth. Given this difficulty and the variations in the compositions of the MORB used, the
shallow polybaric model was only accurate for the E-MORB run. This was the only composition
with a liquidus temperature at a starting pressure of 1 kbar that could be fractionated without an
almost immediate drop in the model to 100 bar, as it did with the N-MORB and D-MORB This
model, for E-MORB, was only able to fractionate to < 20% and terminated at a pressure of 280
bars with the temperature ranging from around 1200 ℃ at the 1kbar liquidus to terminate at
approximately 1150 ℃. The polybaric models for N-MORB and D-MORB, however, did not
run properly with the polybaric gradient and the pressure dropped from 1 kbar to only 10 bar
after the first few steps, only progressing to 5-10% crystallization. This may be due to the lower
water content of these two MORBs, as they both almost instantly lose a significant portion of
their water content at the first step of fractionation. In contrast, the E-MORB polybaric model
continues to retain water content >0.3 wt% up to the extent of the viable run. This comparatively
small LLD does not seem to deviate or be significant compared to the E-MORB isobaric LLD
for this melt lens, as it overlaps it almost exactly.

Major and Trace Element Diagrams for the Hess Deep Glass Sets
Both sets of Hess Deep glass samples in this study, from the PetDB query and from the
USF set, were plotted together on Harker diagrams in order to determine if there was a
correlation in terms of a relationship defined by a parental crystallization regime (Fig. 6).
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Clearly, there is a positive correlation between the least primitive samples and increases in
sodium, titanium, potassium, and total iron oxides. Similarly, there is a negative correlation
between more evolved samples and decreases in Al₂O₃ and CaO. Each major element diagram
follows an almost linear trend considering MgO as a measure of primitive composition.
However, K₂O seems to show small inconsistencies around 7 wt% MgO content, where there
seems to be a small set of glasses with a slightly elevated concentration. Given the almost
negligible potassium content of the set, this pattern is most likely irrelevant. Overall, most of
these trends seem to have a semi-linear component, suggesting that fractional crystallization may
be a crucial process for the melting regime of the glasses.
Trace element trends were also examined for the glass sets. Trends in lanthanide series
trace element content modeled against MgO (wt%) were assessed in order to observe their
incompatible behavior with increasing fractionation (Fig. 7.1). Upon inspection, there is clearly
a positive correlation between the incompatible elements focusing in the less primitive
magnesian glasses relative to the more primal, high MgO content samples. In the most
fractionated samples the average highest lanthanide concentrations seem to belong to Ce and Nd,
which are the least compatible of the group and the lighter of the REE. Similarly, the lowest
average concentrations belong to Lu and Eu, with Lu being the most compatible in mineral
phases of the lanthanides and the heaviest of the REE. As for Eu, its low concentration in more
evolved constituents of this melting regime despite being a middle-member of compatibility in
the lanthanide group can most likely be attributed to its affinity for plagioclase in terms of
partitioning. This is more apparent in the spider diagram for the sets of glasses (Fig. 7.2), where
there is a large Eu anomaly. This suggests that plagioclase has been extracted from the melt at
some point, as will be discussed further below in the models.
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Volatile Trends for H₂O and CO₂
The primary cause for discrepancies between the “Rhyolite” and “Basalt” macro-models for
runs in VolatileCalc (Newman & Lowenstern, 2002) is due to the assumptions made in the
programming algorithm for basaltic compositions that follows the Dixon (1997) model for
basaltic tholeiites and alkaline basalts, which takes into account the inverse relationship between
alkali content and silica. Since the query applies to this particular kind of basalt with a SiO₂
content at 49 wt% or lower, which does not apply to the compositions of the Hess Deep glass set
in this case, the accuracy of one model over the other is determined in the discussion regarding
the model application to the dataset in this study. However, the order of magnitude for these
discrepancies is not alarming enough to give any predisposed preference for one model over the
other.
The isobaric trends displayed in Fig. 8 offer interesting implications for the relationship
between H₂O and CO₂ at levels of both deep and shallow melt processes using the two different
algorithms. The isobar extent for the upper and lower melt lens regimes contain a wider range of
values in the “Rhyolite” model than the “Basalt” model. Also, the upper and lower extent of the
trendlines for the Rhyolite algorithms seem to distance themselves from each other uniformly,
whereas the extent narrows for the Basalt algorithm at low levels of wt% H₂O to exclude a
broader range of CO₂ content.
Fig. 9 presents graphical results for the VolatileCalc models expressing saturation pressures
for the USF glass sample set. Each line is for an individual glass sample, representing a range of
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pressures over the Hess Deep proposed melt liquidus temperature range of 1250-1100 ℃.
Overall, the saturation pressures are concentrated in a relatively narrow range, which starts a
little under 1kbar. Even considering the algorithms of both models and multiple liquidus
temperature parameters, the saturation pressures do not vary significantly. The full range of
pressures of saturation for these glasses appears to be approximately between 800-250 bars.

Trends in the MORB Models for Isobaric Equilibrium Crystallization
Like most melting regimes for equilibrium crystallization, the Harker trends for major
element oxides for the MORBs are largely linear (Fig. 6). There is almost no deviation in
behavior from the 3.5 kbar and 1 kbar models (Fig. 4 and Fig. 5), aside from the initial melting
points and the final temperature of the 25% melt/ 75% crystal equilibrated melt. There is a
positive correlation between the decrease of MgO in the melts and an increase in SiO₂, TiO₂,
FeOᴛ, Na₂O, and K₂O. Similarly, as the melts evolves from a more primitive composition, there
is a decrease in the concentration of CaO and Al₂O3. The gradient for the depletion of the
aluminum oxide in the melt is steepest up to about 7 wt% MgO content, at approximately 1520% crystallization, where the slope levels out slightly. Similarly, the CaO content has a similar
break in concentration. Up to the 15-20% crystallization point, it only slightly increases. After
this, the slope becomes negative and the oxide decreases. This can be attributed to the
crystallization of highly anorthitic plagioclase, which constitutes upwards of 50% of the total
proportion of crystalline material at this point.
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Chapter Four:
Discussion
Modeled MORB Relationships to Samples from Hess Deep
Fractional Crystallization Models
When examining the relationships between the MORB models and the glass sample set, it
is imperative to first note that for low amounts of fractional crystallization in models for both the
upper and lower lenses, there is little variation in the LLDs (Fig. 4). As the models fractionate,
major element deviations for LLDs are seen once the MgO content reaches 5-6 wt%, or when the
original liquids have dropped to a melt/cumulate fraction of < 65%. There is a partial
relationship between the major element LLDs for the upper and lower melt lens models when
compared to the most parental-MORB Hess Deep glass samples, where they initially follow
early fractionation trends but appear much more linear than the fractionation models overall.
Some models for major oxides, like MgO/K₂O and those for the more primitive samples those
which have enriched compositions of MgO, show similarities following the LLDs of the models
up to a small initial fractionation of melt.
Due to difficulties with Petrolog3 calculating polybaric fractional crystallization at low
pressures at amounts greater than 10%, it is difficult to determine if the polybaric models support
fractionation at the level of the lower lens. Overall, the polybaric trends for the upper and lower
lenses are similar in the behavior of their LLDs. However, they do not provide an exact match
for the trends seen in the behavior of the glasses. Since the LLDs are a good fit for the sample
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set only at 5-10% crystallization, but then deviate in comparison to the LLDs after that point, an
imperfect fractional crystallization regime may be the cause.
Equilibrium Crystallization Models
For the MORBs that were subjected to equilibrium crystallization, the LLDs for the more
depleted (N-MORB and D-MORB) melts have similar trends in relation to the melting regime of
the glasses (Fig. 4 and Fig. 5). The LLDs for Na₂O evolution in the melt vas MgO content fit
more readily to the melt regime of the glasses than did the fractionation LLDs. As with the
fractionation models, there is not an agreement between the LLDs and the glasses for CaO, and
to a lesser extent, Al₂O₃. This is most likely due to the trend in the Hess Deep glass where the
calcium content is much higher initially for a given MgO content than the starting compositions
of the MORB. However, the trends for sodium seem to show a closer correlation to the LLDs,
with the higher sodium content curve of this model fitting more closely to the upper limit of the
sodium content for the glasses. Overall, there is still a large disagreement for a few of the major
elements and the equilibrium model, as well as the fractionation models.

Applications of Volatile Trends to MORB Models and Glasses
When comparing the isobaric volatile trends for water and carbon dioxide, it becomes
readily apparent that the USF samples are undergoing an almost straight-line, polybaric system
of volatile degassing similar to patterns seen in low-pressure degassing systems of magmas
(Anderson et al., 1989, and Wallace, 2005) and basalt-system degassing experiments (Lesne et
al., 2011) rather than following any isobaric evolution (Fig. 8) The sharp degassing trend
suggests that carbon dioxide is degassing much more rapidly from the system and earlier than
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molecular water, making it highly incompatible in the melt and prompting the allowance of this
particular gas to exsolve from the system as pressure decreases.
Fig. 3 A displays this trend more readily, with the most water-laden melt containing the
least amount of carbon dioxide compared to the rest of the set. It appears that the Hess Deep
samples most closely follow a polybaric system with 1-2% molar volume of water, with the
remainder being carbon dioxide. This suggests that the parental melt’s gas content is almost
completely carbon dioxide. As suggested in Fig. 3 B, chlorine clusters in the range of <500ppm
and chlorine is not behaving as incompatibly as carbon dioxide. One outlier, the sample with a
markedly high water content that deviates from the sample set, is most likely hydrothermally
altered given that Cl is a fluid-mobile element.
Overall, the estimated saturation pressures from VolatileCalc runs of the magmas
produced from this system yield an eruption profile for lavas that are rapidly crystallized at
pressures corresponding to depths just above the upper melt lens, with pressures ranging from
800-250 bar along the range of liquidus temperatures for the modeled upper melt lens LLDs
(Fig. 9). In agreement with the volatile trends in Fig. 3, the most evolved melts with the highest
water content have the lowest estimated saturation pressures, which indicates that they have had
the most time to fractionate as they rise through the dike complex. The variable saturation
pressures for the <1100 ℃ temperatures of eruptive melts at Hess Deep suggests that this system
is almost certainly undergoing a degassing model that is polybaric and relatively shallow.

Other Possible Sources of Parental Melts
In observing the initial compositions modeled in this study compared to the glass
samples, it seems that there is an even more primitive starting composition that deviates in its
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melt regime from the MORB compositions. Compared to the starting MORBs, there is a far endmember of the Hess Deep glass set that could serve as a potential parental melt, with another few
glasses in the set that also transition from this extremely primitive melt to a point where the
glasses are more similar to the MORBS. Specifically, sample NAUNAZC-019-001 from the
north wall of the Hess Deep intra-rift ridge. This primitive composition has higher
concentrations of MgO, CaO, and Al₂O₃, and lower alkalis and TiO₂. This more primitive
composition could be explained by the re-melting of gabbro cumulates along the gabbro-dike
transition at Hess Deep (Natland and Dick, 2009) that are assimilated into the MORB. This
sample is markedly similar to gabbros collected from the north wall of the Hess Deep intra-rift
ridge. When this sample is modeled using the parameters for a fractional crystallization run for
the lower melt lens at 3.5kbar, the LLDs are not an ideal match for the major element patterns in
the glasses, but they do follow the same curvature for most. However, when considering the
lines of best fit when compared to the LLDs for the MORB compositions, it would seem that the
original MORB models are a tighter relative fit to the Hess Deep glass suite.
The incorporation of mantle peridotite at the upper mantle transition to oceanic
lithosphere is a distinct possibility for the MORB glass parental melt, a prospect that has been
reviewed before in similar studies by Arai and Matsukage (1996), Stewart et al. (2002), and Dick
and Natland (1996, 2009). Peridotites of the EPR, such as lherzolite, contain mostly olivine and
pyroxenes and accessory minerals such as spinel or garnet. A source rock that is derived from
partial melting of lherzolite would have characteristic enrichment of the major and trace
elements of peridotite constituents. The primitive NAUNAZC-019-001 sample shows notable
enrichment in trace elements such as Ni and Cr relative to MORB, as well as MgO and CaO,
which suggest that this may be the case for the end-member protolith (Wilson, 1989, and
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Rollinson, 1993). Although this may argue the case for a probable parental melt source, it still
does not explain the deviation of some of the major element fractionation regimes seen in the
Hess Deep glasses compared to the crystallization models for the dual melt lenses.
The examination of trace elements in the Hess Deep glass suites yields information as to
which is more plausible, as the partitioning of elements in fractionated olivine and plagioclase
would produce a different signature in LLDs for the glasses than would those in gabbroic
cumulates. Given the composition of the cumulates that crystallize from the MORB melts early
in the fractionation process in the melt lenses, it is possible that the entrainment of previously
fractionated plagioclase and olivine with new upwelling melt could produce this effect. This
would explain the initial melt enrichment in MgO, as well as the CaO, and Al₂O₃ enrichment due
to anorthitic members of plagioclase being present with compositions of An 70% during early
fractionation processes. Additionally, compositions of Leg 147 Hess Deep plagioclase crystals
also show a trend towards an anorthitic character (Table 4). However, the trace element
composition of this primitive sample does not provide much supporting evidence for this theory.
The incorporation of fractionated olivine would likely cause the primitive melt to be enriched in
Ni, Co and Mn, as well as Sr and Eu if plagioclase was also present (Rollinson, 1993).
In contrast, the glass only shows enrichment in Ni, and is depleted in most compatible REEs
relative to the MORB compositions. However, it is also enriched in Cr, which would imply that
the NAUNAZC sample is equilibrium with the mineralogical profile of the upper mantle
(Wilson, 1989). If entrainment of olivine and plagioclase cumulates occurs, it is not represented
in the trace element composition of the initial melt and must happen much later in the
crystallization regime. Although the primitive glass NAUNAZC-019-001 does not show any
enrichment in these trace elements relative to the MORB compositions initially, there is a
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positive anomaly for both Eu and Sr as the MgO content increases in the Hess Deep glass set,
suggesting that plagioclase may be re-assimilated into the melt as fractionation progresses
(Wilson, 1989, and Rollinson, 1993).
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Chapter Five:
Conclusion
After considering the implications of the MORB models using the structural restrictions of
the proposed upper and lower melt lens theory, it is apparent that the simple fractionation models
do not quite provide a completely accurate representation of the melt regime at Hess Deep. The
possibility of gabbros or gabbroic cumulates being the only major constituent of the parental
melts producing the glasses at Hess Deep is highly unlikely, given the results of the modeled
LLDs for a lower melt lens fractionation regime with a very primitive gabbro-like glass sample.
Major and trace element models for the MORB compositions compared to the USF sample set
suggest a mixture of relatively low amounts fractional crystallization and the re-accumulation of
olivine and plagioclase into the melt.
Considering the disagreement between the volatile contents of the USF glasses and isobaric
pressure model trends, it is likely that the melt that produces the glass samples found at Hess
Deep is undergoing a process indicative of a relatively shallow degassing pathway. This
supports the possibility that this sample set is the product of a primitive melt undergoing
fractional crystallization as it rises through the oceanic lithosphere and eventually cools at
pressures relative to the upper melt lens, only partially supporting the dual melt lens theory
proposed by Natland and Dick (2009) as the saturation pressures seen in the Hess Deep glasses
do not correspond with a lower lens. As with many other studies concerning the crystallization
regime at Hess Deep, it is likely that the chemical characteristics of erupted lavas are best
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interpreted to be the product of relatively small amounts of imperfect fractional crystallization
occurring along-axis through the medium of ocean crust at a shallow melt lens.
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